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Identification of bona fide tumor suppressors is often
challenging because of the large number of genetic
alterations present in most human cancers. To eval-
uate candidate genes present within chromosomal
regions recurrently deleted in human cancers, we
coupled high-resolution genomic analysis with a
two-stage genetic study using RNA interference
(RNAi). We found that Cyfip1, a subunit of the WAVE
complex, which regulates cytoskeletal dynamics, is
commonly deleted in human epithelial cancers.
Reduced expression of CYFIP1 is commonly ob-
served during invasion of epithelial tumors and is
associated with poor prognosis in this setting.
Silencing of Cyfip1 disturbed normal epithelial mor-
phogenesis in vitro and cooperated with oncogenic
Ras to produce invasive carcinomas in vivo. Mecha-
nistically, we have linked alterations in WAVE-regu-
lated actin dynamics with impaired cell-cell adhesion
and cell-ECM interactions. Thus, we propose Cyfip1
as an invasion suppressor gene.
INTRODUCTION
Development of technologies that scan the genome, such as
expression profiling (Fan et al., 2006; Trevino et al., 2007), anal-
ysis of copy number variations (Firestein et al., 2008; Hicks et al.,
2006), or massively parallel sequencing (Campbell et al., 2008;
Chiang et al., 2009), has provided us with the potential to molec-
ularly profile the entire set of genetic alterations present in human
cancers. However, the inability to discriminate which of these
myriad genetic variations causally contribute to tumorigenesis
remains a major barrier.
The use of RNAi to attenuate the expression of candidate
genes represents a powerful strategy to link genotype to pheno-
type. To examine the impact of silencing candidates withinregions of deletion in human tumors, we chose to use a three-
dimensional (3D) culture model that recapitulates many aspects
of epithelial morphogenesis in vitro (Debnath et al., 2003; Fisch-
bach et al., 2007).
By coupling genomic and genetic analysis, we have identified
Cyfip1 as a potential tumor suppressor that regulates invasive
behavior. CYFIP1 is a RAC1-interacting protein (Kobayashi
et al., 1998), which transmits signals from RAC1 to the ARP2/3
complex by modulating the activity of the WASP family
members, WAVE1–3, within the WAVE complex. WAVE-medi-
ated activation of ARP2/3 induces the nucleation of G-actin to
form a membrane protrusion, called a lamellipodium, at the
leading edges of cells growing in classical two-dimensional
(2D) cultures (Kunda et al., 2003; Stradal et al., 2004; Takenawa
and Suetsugu, 2007). Although the function of the WAVE
complex in site-directed actin polymerization and membrane
protrusion formation is well characterized, it was unclear
whether distortion of this process could influence tumorigenesis.
Our data indicate that CYFIP1 can impact tumorigenesis through
its effects on cytoskeletal dynamics and cell-cell and cell-
substratum adhesion. These studies also provide a general
path toward identifying underlying driver mutation in regions of
genetic aberration in human cancers.
RESULTS
CYFIP1 Is a Regulator of Epithelial Morphogenesis
that Is Altered in Tumors
We used high-resolution profiling of DNA copy number alter-
ations (Hicks et al., 2006) to detect focal deletions (<2 Mb) in
a panel of 293 primary human cancers and 71 cancer cell lines
(S.P., unpublished data). More than 90% of these samples
were from common epithelial tumor types, including 83 lung,
104 breast, and 71 colon cancers. Of 36 regions identified using
our criteria, 10 harbored genes previously shown to be homozy-
gously deleted in cancer, including Rb1, Pten, Cdk2n, Smad4/
Dpc4 (Ikediobi et al., 2006), Lrp1b, Fhit, Park2, Wwox (Smith
et al., 2007), miR-16/miR-15 (Calin et al., 2002), and Runx1 (SilvaCell 137, 1047–1061, June 12, 2009 ª2009 Elsevier Inc. 1047
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Figure 1. ROMA Deletion Profile of Cyfip1 and Effect of Knockdown on Morphogenesis
(A) Representative focal deletion found on chromosome 15 in a lung cancer sample. The genes shown correspond to the consensus epicenter of the deletion (red
area in the chromosome ideogram).1048 Cell 137, 1047–1061, June 12, 2009 ª2009 Elsevier Inc.
et al., 2003). Two additional loci contained candidate tumor
suppressor genes with observed bi-allelic point mutations,
including the activin A type II receptor (Acvr2) (Hempen et al.,
2003) and the phosphatase Ptprt (Wang et al., 2004). We also
detected 24 focally deleted loci that did not contain any known
tumor suppressor (Table S1 available online, Figure 1A).
MCF-10A is an immortalized but not transformed mammary
epithelial cell line that forms 3D acinar structures when grown
on extracellular matrix components (ECM, matrigel). This model
recreates aspects of epithelial cellular organization that occur in
tissues more than classical 2D cultures do. Alterations in several
oncogenes or tumor suppressors involved in proliferation, polar-
ization, or apoptosis disturb normal acinar architecture, resulting
in overtly abnormal morphologies that can be easily observed
(Debnath et al., 2003; Muthuswamy et al., 2001).
Focusing on focal deletions without known tumor suppres-
sors, we used stable shRNA expression to create cell lines in
which 29 of the 35 genes located in these regions were silenced
to varying degrees (Table S1). These lines were individually
tested in the 3D morphogenesis assay. Although the majority
of shRNA-expressing MCF-10A derivatives produced acini
with a normal appearance, cells expressing shRNAs against
Cyfip1 generated abnormal structures (Figure 1B). Twenty
percent of knockdown acini appeared as shapeless or oval
structures instead of the normal symmetrical spheres (<5% in
control acini; t test, p < .01). This phenotype was reproduced
using several distinct Cyfip1 shRNAs, and its severity correlated
with the degree of Cyfip1 knockdown (Figures 1C and 1D).
Although knockdown acini formed hollow lumens, they were
smaller than those formed in controls due to the transition from
spherical to oval shape (Figure 1E). Examination of structural
markers (Debnath et al., 2003) revealed that a majority of the
cells in the knockdown acini maintained basal (a6-integrin) and
lateral (E-cadherin) polarization and the apical/basal organiza-
tion of the golgi and nuclei. Interestingly, it was common to
find individual cells that had broken out the acinar architecture.
These cells displayed a less cubical, more spherical shape
with abnormally intense basal E-cadherin staining and a random
positioning of the golgi/nucleus. All of these characteristics were
suggestive of polarization defects (Figure 1E). Importantly, while
wild-type acini presented an almost perfect symmetry, a disorga-
nized and chaotic distribution was present in knockdown acini
(Figure 1E). Finally, we did not find significant differences in the
levels of proliferation (Ki67) or apoptosis (activated caspase-3)
in knockdown acini (data not shown). As expected, Cyfip1
knockdown cells grown in standard 2D culture conditions did
not form lamellipodia (Figure 1F).
Alteration of Cyfip1 in Human Cancers
SinceCyfip1 loss could alter acinar morphology, implicating it as
a potential tumor suppressor, we examined a set of 841 addi-tional human tumors where we cataloged both focal and larger
deletions affecting the Cyfip1 locus. This revealed frequent
alteration of Cyfip1 in epithelial tumors (Table S2). Most often,
losses appeared to be heterozygous and affected most of 15q,
although focal deletions affecting smaller regions were also
observed (Figure 1A). Importantly, a significant correlation ex-
isted between DNA copy number and Cyfip1 expression for all
tumor types examined (Table S2).
Frequently, the accumulation of genetic and/or epigenetic
alterations in a tumor suppressor leads to loss of its expression.
Immunohistochemistry showed robust CYFIP1 staining in the
epithelium in human tissues (Figure 2A). In contrast, an examina-
tion of 249 tumor samples representing four of themost common
human epithelial tumor types (breast, colon, lung, and bladder)
indicated that loss of expression of CYFIP1 (defined as fewer
than 10% positive tumor cells) was a common event. Up to
63% of lung (32/51) (Figure 2B), 31% of breast (22/70)
(Figure 2C), 59% of colon (39/66) (Figure 2D), and 24% of
bladder (15/62) (Figure 2E) cancers had negative staining. Impor-
tantly, 100% superficial bladder carcinomas (noninvasive) were
CYFIP1 positive (30/30) and displayed strong staining (80% of
samples had more than 40% positive cells), whereas 47% of
invasive bladder tumors (15/32) were negative (p = 1.653 105).
It is also notable that 75% of breast metastases analyzed
(Figure 2C) were CYFIP1 negative (3/4). Additionally, we
analyzed two ductal carcinoma in situ (DCI) of the breast where
normal ducts were surrounding the tumor lesion (Figure 2C). This
gave us the possibility of directly comparing the dysplastic cells
with their normal counterparts. Although DCI lesions were posi-
tive for CYFIP1 staining, they did show a clear reduction in the
staining as compared to normal ducts.
Globally, our results suggest that loss of CYFIP1 expression
correlates with tumor progression in epithelial cancers and raise
the possibility that loss of CYFIP1 might correlate with clinical
outcome. We therefore examined by quantitative RT-PCR (QRT-
PCR) the expression ofCyfip1 in an additional 170 human tumors
(84 colons and 86 breasts) with available histological and patho-
logical data (see Supplemental Experimental Procedures). In
order to select ametric to stratify tumor samples in a way compa-
rable to our immunohistochemistry, we first selected 8 tumors
with different expression levels of Cyfip1 (from very low to high)
that also had available matched paraffin sections. We compared
QRT-PCRand immunohistochemistrydata togenerateastandard
curve (Figure S1). Through this approach, we found that low
expression of Cyfip1 (negative tumors) was significantly (p <
0.05) associated with higher stage. This also (p < 0.1) correlated
with lymph nodemetastases in invasive ductal breast carcinomas
(IDC). In colon cancers, low expression ofCyfip1was significantly
associated with vascular invasion and correlated with higher
stage (Table S3). It was therefore critical to probe mechanisms
by which loss of Cyfip1might contribute to tumorigenesis.(B) Morphology of the acini formed by control cells (wild-type and control shRNA) and Cyfip1 knockdown MCF-10A cells.
(C) Level ofCyfip1 silencing in the MCF-10A cells analyzed by western blotting and (D) quantitative RT-PCR (QRT-PCR). Error bars show standard deviation from
the mean (n = 3). The arrow indicates the shRNA selected for further studies.
(E) Characterization of acinar architecture by Immunofluorescence and electromicroscopy (EM).
(F) Morphology of the cells from (B) when grown in classical 2D cultures. The IF presents the same cells staining with Arp-3, a canonical marker of lamellipodia and
actin (Boguslavsky et al., 2007). Lamellipodial structures are indicated by continuous arrows; lack of lamellipodia is indicated by discontinuous arrows.Cell 137, 1047–1061, June 12, 2009 ª2009 Elsevier Inc. 1049
Figure 2. CYFIP1 Expression in Human Normal and Tumor Tissues and Its Association with Tumor Progression
Representative figures of CYFIP1 expression detected by immunohistochemistry (IH) in (A) normal tissues. The ‘‘E’’ and the arrows indicate the epithelium.
(B) The majority of lung squamous cell carcinomas (SCC) and some adenocarcinomas (AdenoCa) showed a membranous-cytoplasmic expression of the protein
(+), while most lung adenocarcinomas were found to have a negative phenotype ().
(C) Left panels show a ductal carcinoma in situ of the breast (DCI) (arrow) together with normal ducts (asterisk). Right panels show that low-grade (LG) invasive
ductal breast carcinoma (IDC) exhibited intense and homogenous staining of CYFIP1, while most high-grade (HG) IDC and bone metastatic adenocarcinoma
lesions revealed a negative phenotype.
(D) In colon tumor samples, high-grade noninvasive adenomas maintain CYFIP1 while it is lost in a majority of invasive adenocarcinoma.
(E) In bladder tumor samples, we observed that all low-grade noninvasive superficial bladder carcinomas displayed a positive phenotype, while the majority of
high-grade invasive bladder carcinomas revealed undetectable CYFIP1 levels.CYFIP1 Regulates Epithelial Morphogenesis
as Part of the WAVE Complex
In addition to its role as a component of WAVE, CYFIP1 interacts
with FMR1, an RNA-binding protein (Billuart and Chelly, 2003).1050 Cell 137, 1047–1061, June 12, 2009 ª2009 Elsevier Inc.Although its function in that context is poorly understood, various
observations suggest that it affects local protein translation and/
or transport (Zalfa et al., 2006). We set out to determine whether
our observed phenotypes were mediated by defects in actin
Figure 3. Silencing of WAVE Complex Components Phenocopies the Knockdown of Cyfip1
(A–C) Level of specific gene silencing in MCF-10A cells from (D) analyzed by western blotting or QRT-PCR.
(D) Representative morphologies of FMR1 and WAVE component knockdown cells growing in 2D and 3D culture.
(E) Level of Cyfip2 silencing in MCF-10A. The arrow indicates the shRNA selected for further studies.
(F) Representative picture of the phenotype generated in 2D cultures after silencing of Cyfip2.
(G) Western blots show the steady-state protein levels of CYFIP1, NCKAP1, and WAVE2 after individual WAVE components were silenced. The numbers inside
the western blot are the quantitative values of the bands normalized to the wild-type.
In (A) and (E), error bars show standard deviation from the mean (n=3).remodeling (WAVE pathway), by alterations in mRNA metabo-
lism (FMR1 pathway), or by both. ShRNAs targeting core
components of the two pathways were selected (Figures 3A–3C) and stably expressed in MCF-10A cells to produce knock-
down lines. Suppression of FMR1 did not produce any evident
difference in 2D colonies or 3D acinar structures. In contrast,Cell 137, 1047–1061, June 12, 2009 ª2009 Elsevier Inc. 1051
knockdown ofWAVE pathway components,Nckap1 andWave2,
generated phenotypes similar to those observed upon Cyfip1
silencing (Figure 3D). The phenotype seen inNckap1 knockdown
cells was exceptionally penetrant, with almost 100% of colonies
in 2D lacking lamellipodia (t test, p < .01) and 50%–70% (t test,
p < .01) of acini displaying abnormal morphologies (Figure S2A).
To verify the specificity of the observed phenotypes we trans-
duced WAVE knockdown cells with a nontargeted form of the
mouseCyfip1homolog.This rescued the formationof lamellipodia
in Cyfip1 but not in Nckap1 knockdown cells (Figures S2B–S2D).
Cyfip1 is highly conserved through evolution. In humans, two
homologs, Cyfip1 and Cyfip2, share 88% amino acid sequence
identity (Schenck et al., 2001). Interestingly, RNAi of Cyfip2
(Figure 3E) induced abnormal spreading of MCF-10A cells
(Figure 3F) and a dramatic reduction in proliferation (Figures
S3A and S3B). Consequently, Cyfip2 was not studied further.
Silencing any WAVE component destabilizes the complex,
leading to proteasome-mediated degradation of the other
subunits (Innocenti et al., 2004; Kunda et al., 2003). We also
observed this phenomenon in cultured MCF-10A cells (Fig-
ure 3G) and in vivo in subcutaneous tumors formed in nude
mice by injecting oncogene-transformed MCF-10A cells
carrying different WAVE shRNAs (Figure S4).
Three WAVE family members (WAVE1–3) are present in the
mammalian genome (Takenawa and Suetsugu, 2007). Their Indi-
vidual knockdown has been reported to increase the steady-
state levels of others family members, possibly as a compensa-
tory mechanism (Zipfel et al., 2006). We noted a similar effect in
our Wave2 knockdown cells (Figure S3C). Overall, these results
suggest that interference with the WAVE complex and its func-
tion in regulating actin dynamics leads to the phenotypes similar
to those generated by suppression of Cyfip1.
These data support the hypothesis that CYFIP1 might
contribute to tumor suppression through its role in the WAVE
complex. In accord with this notion, our ROMA analyses
revealed that deletions of Wave2 were also present in human
cancers, although theNckap1 locus was highly stable (Table S4).
We therefore set out to understand precisely how changes
in WAVE activity might impact critical hallmarks of cancer
cells.
Suppression of WAVE Disrupts Cell Adhesion
by Altering E-Cadherin Distribution
Uncontrolled proliferation and increased resistance to stress
stimuli are two hallmarks of cancer cells (Hanahan and Wein-
berg, 2000). WAVE knockdown cells showed no significant
difference in short-term growth in 2D or 3D cultures (Figures
S4A and S4B) in comparison to control cells. These results agree
with our previous finding that the level of Ki67 was unchanged in
matrigel-cultured Cyfip1 knockdown acini. Moreover, knock-
down cells behaved similarly to controls during loss of
anchorage (anoikis) or growth factor starvation (Figures S4C
and S4D).
MCF-10Acells are not tumorigenic, but they canbe transformed
by strong oncogenic stimuli (Datta et al., 2007). To test whether the
growth of MCF-10A cells is affected in an in vivo setting by
compromising WAVE activity, we knocked down WAVE com-
ponents in normal or oncogene-transformed MCF-10A cells1052 Cell 137, 1047–1061, June 12, 2009 ª2009 Elsevier Inc.(overexpressing a constitutively active form of ErbB2, MCF-
10A/ErbB2) and injected these into nude mice. These experi-
ments revealed that disruption of the WAVE pathway neither
transformed wild-type MCF-10A cells nor altered the growth of
transformed MCF-10A/ErbB2 as subcutaneous xenografts
(Figures S4E and S4F). Xenograft tumors were of high grade
but showed no remarkable differences between controls and
knockdowns. This result was not exclusive to MCF-10A cells,
as silencing of Nckap1 did not alter the ability of three other
tumorigenic breast cancer lines (MCF-7, T-47D, and MDA-MB-
231) to form subcutaneous tumors in immunocompromised
mice (Figure S4G, data not shown).
Along with a balance between proliferation and cell death,
epithelial tissue homeostasis is enforced by its characteristic
architecture (Hanahan and Weinberg, 2000; Perez-Moreno
et al., 2003), and distortion of this organization, induced by
defects in cell adhesion, is often associated with epithelial
tumorigenesis (Shin et al., 2006). Therefore, we tested whether
knocking down WAVE components had any effect on cell-cell
and cell-substratum adhesion.
MCF-10A cells were plated on plastic and grown to conflu-
ence for 48 hr; in this scenario they form a typical epithelial sheet
wherein the cells are tightly bound to each other by a variety of
adhesion complexes and junctions (Underwood et al., 2006).
Next, EDTA was added in order to chelate calcium, an essential
modulator of cadherin-mediated cell-cell adhesion, and changes
in the morphology of the culture were recorded by live imaging.
After 1 hr, control cells started losing cell-cell adhesion and
showed fewer surface contacts, though they still maintained
significant interactions at this time point (Movies S1A and S1B;
Figure 4A). In contrast, EDTA treatment of MCF-10A cells engi-
neered to have reduced cell adhesion capacity (overexpressing
Snail) resulted in rapid rounding of cells and loss of almost all
cell-cell contacts (Movie S1C; Figure 4A). WAVE knockdown
cells also lost cell-cell adhesion more rapidly than controls
(Movies S1D–S1F; Figure 4A). To obtain a more quantitative
measurement of this defect we performed cell aggregation
assays (Wilkemeyer et al., 2002). Here, the percentage of indi-
vidual cells in suspension that form aggregates through time
reflects their ability to form cell-cell contacts. Again, knockdown
cells presented a significant reduction (p < .01) in the number of
aggregates formed after 3 hr (Figure 4B).
To investigate the mechanisms underlying reduced adhesion,
we examined the localization of the key adherence junction
component, E-cadherin. As expected, E-cadherin accumulated
along cell-cell boundaries in control cells. In contrast, knock-
down of WAVE subunits generated very compacted colonies
with a more diffuse pattern of staining in the cells located at
the margins (Figure 4C). In fact, 2D orthogonal projections
showed that E-cadherin was more spread between overlapping
areas of neighboring cells (Figure S5A). This pattern changed
near the center of the colonies. Here, it was common to see
very intense E-cadherin signals (Figure S5B). Remarkably,
DAPI staining of the colonies showed that knockdown cell nuclei
commonly overlap, revealing that the cells had in fact piled on
top of each other (Figure S5C). To unify these observations we
monitored the growth of our engineered MCF-10A variants
(Movies S2A–S2D). We found that colonies of wild-type cells
formed by an orchestrated series of events in which the cells first
divide and then spread apart from each other. This process is
controlled by lamellipodia-mediated motility at the periphery of
the colony. Knockdown cells divided normally but were unable
to separate because of the absence of lamellipodia. This, in
turn, led to the formation of a mass of highly compacted cells.
During immortalization and transformation of cultured cell
lines, like MCF-10A, normal actin organization and formation of
adhesion contacts become aberrant (Vasioukhin et al., 2000).
Low-passage keratinocytes represent an elegant and well-char-
acterized model that more closely maintains the epithelial char-
acteristics of normal epidermis (Vaezi et al., 2002; Vasioukhin
et al., 2000). Briefly, when mouse keratinocytes are grown in
media containing low calcium concentrations, they display low
levels of cell-cell interaction and high motility. Increased calcium
concentrations induce actin cytoskeleton remodeling that is
essential to promote contacts between neighboring cells. These
are eventually stabilized by cadherin-mediated intercellular
adhesion. Thus, upon calcium switch, filopodia-like projections
emerge between neighboring cells and become decorated
with E-cadherin to generate characteristic structures called
adhesion zippers. With the passage of time an increasing
number of E-cadherin puncta accumulate at the zippers, which
then form a continuous line at cell borders. Finally, keratinocytes
polarize forming a honeycombed network of thick cortical actin
belts and E-cadherin complexes in the apical plane and fluid
membranes with less organized E-cadherin structures at the
basal plane.
Using the keratinocyte model, we analyzed the formation of
cell contacts and E-cadherin distribution after silencing the
mouse homologs of Cyfip1 and Nckap1 (Figures S5D and
S5E). As expected, at low calcium concentrations, silencing of
WAVE components compromised the formation of lamellipodia
(Movies S3A, S3B, and S5F). After calcium switch, control cells
followed the normal pattern of adhesion (Movie S4A; Figures
4D, 4E, and S5G). Knockdown keratinocytes presented only
finger-like protrusions that did not efficiently form stable interac-
tions (Movie S4B), and numerous but transient contacts between
neighboring cells predominated. This correlated with reduced
E-cadherin immunostaining and fewer adhesion zippers (Figures
4D and S5G). At 8 hr after calcium exposure, a wider distribution
of E-cadherin complexes and a more diffuse actin staining were
observed in knockdowns as compared to controls (Figures 4D
and S5G). Finally, at later time points (16 hr), 2D orthogonal
and 3D projections showed that in normal keratinocytes, E-cad-
herin coexists with a cortical actin ring in the apical part of cells.
In contrast, knockdown keratinocytes presented a patched and
diffuse distribution of actin and E-cadherin with a scattered over-
lap between them (Figure 4E). Ultrastructural studies at this
latest time point provided more detailed information. We noted
that themature architecture, normally characterized by the align-
ment of alternating adherence junctions (AJ) and desmosomes
along sealed membranes, was replaced in knockdown cells by
immature desmosomes with fewer AJ. Importantly, this led to
large gaps and spaces between closely opposed keratinocytes,
(Figures 4F and S5H).
We obtained cellular fractions from keratinocytes grown in
low and high calcium to study the distribution of actin andE-cadherin. We found that, in control keratinocytes, cytosolic
G-actin is mobilized to the cytoskeleton (F-actin) in the presence
of calcium, and this correlates temporally with the enrichment of
E-cadherin in the membrane fraction (Figure 4G). These data are
consistent with the immunofluorescence (IF) results, where first
thick bundles filopodia and then a cortical ring of actin are
formed while E-cadherin accumulates at cell-cell contacts. In
knockdown cells grown in low calcium media, a substantially
larger amount of actin was found unpolymerized in the cytosol
(Figure 4G). After calcium switch, actin was still mobilized to
the cytoskeletal fraction; however, this occurred to a lower
degree than was observed in wild-type keratinocytes. Notably,
E-cadherin accumulation at the membrane was also reduced
(Figure 4G).
Thus, as an integrated model to explain the defects observed
in WAVE-deficient cells, we propose that a lack of WAVE activity
reduces the formation of AJ by reducing the formation and
stabilization of filopodia-like structures and the accumulation
of E-cadherin complexes at cell-cell boundaries. This physically
compromises the drawing together of opposing cell surfaces,
leaving the passive formation of desmosomes (Vasioukhin
et al., 2000) as the only event that clamps two opposing
membranes. As a result, the entire epithelial architecture fails
to assemble properly. In accord with this model, silencing of
WAVE components recapitulated the phenotype observed
when AJ formation was compromised by a-catenin knockout
or by perturbing VASP/Mena function (Vasioukhin et al., 2000).
It is interesting to note that in our knockdown cells VASP
localized normally at adhesion zippers (Figure S5I). However,
as expected, its maturation toward a more continuous honey-
comb-like belt failed.
To generate knockdown cells, we used viral transduction to
produce pooled cell populations. Thus, different degrees of
knockdown can be expected in individual cells, depending
upon viral integration sites and copy number. IF staining of
CYFIP1 in our pooled cells revealed that approximately 10% of
cells still retained high expression levels, and these cells retained
the ability to normally relocate E-cadherin upon calcium switch
(Figure S5J). Moreover, expression of exogenous Cyfip1
rescued the phenotype induced by silencing of the endogenous
protein (Figure S5K).
Compromising WAVE Reduces Epithelial Cell-ECM
Adhesion by Disturbing Focal Adhesion Complexes
MCF-10A WAVE knockdown cells also displayed an obvious
defect in their ability to attach to standard tissue culture plates.
Even 6 hr after plating, the majority of cells were still rounded
and showed very little spreading (Figure 5A). Coating plates
with Collagen-I, Collagen-IV, and Fibronectin accelerated the
attachment of MCF-10A cells while no effect was observed
with Laminin or Fibrinogen (Figure S6A). Cyfip1 knockdown cells
showed a pleiotropic reduction in adhesion to all tested
substrates (Figures 5B–5D).
Interaction with ECM substrates is mediated by integrins,
a superfamily of membrane receptors that in cultured cells are
typically localized at cellular microdomains called focal adhe-
sions (FA) (Hynes, 2002). Therefore, we assessed the status of
FA formation in WAVE knockdown cells, both MCF-10A andCell 137, 1047–1061, June 12, 2009 ª2009 Elsevier Inc. 1053
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keratinocytes grown in low calcium medium. Control cells were
well spread and displayed two morphologically different types
of focal adhesions: focal contacts (robust adhesion located at
the periphery) and focal complexes (smaller adhesions situated
centrally). Both are characterized by the presence of markers
such as Vinculin (Figures 5E and 5F) and Focal Adhesion
Kinase/FAK (Figures S6B and S6C) (Hynes, 2002; Raghavan
et al., 2003). In contrast, WAVE knockdown cells showed very
large focal contacts at the tips of unusually thick actin cables,
and the number of the internal focal complexes was substantially
reduced. This phenotype mirrors that observed in integrin b1 null
(Raghavan et al., 2003) and FAK null (Schober et al., 2007) kera-
tinocytes, where these defectswere characterized as a reflection
of the inability to turn over focal adhesion complexes.
WAVE Impairment Cooperates with Activated Ras
to Promote Tumor Progression
To probe the relevance of our findings in an in vivo setting, we
took advantage of an orthotopic mouse model that has previ-
ously been used to study links between cell adhesion and tumor
progression (Dajee et al., 2003; Weinberg et al., 1991). In this
model, primary keratinocytes are cotransplanted with fibroblasts
onto a wounded nude mouse to reconstitute skin (Figure S7). If
the keratinocytes are engineered ex vivo to express activated
Ras (H-RasV12), the engrafted skin develops hyperplastic and
dysplastic benign lesions (papillomas). Additional genetic alter-
ations, such as loss of p53, permit progression to squamous
cell carcinomas, which invade through the basal lamina into
the dermis (Azzoli et al., 1998).
Accordingly, we found that keratinocytes that express acti-
vated Ras in combination with control shRNAs produced hyper-
plastic lesions in 5 out of 7 mice. In the remaining two cases,
a focal area with few (1–3) individual keratinocytes invading
into underlying dermis was observed. In contrast, shRNAs
directed against Cyfip1 cooperated with Ras to induce rapid
progression (3–4 weeks) to squamous cell carcinoma in 6 out
of 7 animals (Figure 6A). These lesions are characterized by
disruption of the basal lamina as illustrated by staining with
b4-Integrin and a-Catenin antibodies (Figure 6B). Since our
silencing constructs were engineered to coexpress a fluorescentGFPmarker we could verify that cells invading and colonizing the
dermal compartment were indeed those with Cyfip1 knockdown
(Figure 6C).
Reduced Expression of CYFIP1 Is Common
during Tumor Invasion
During invasion of the stroma by tumor cells, the expression of
many proteins changes, including adhesion molecules (e.g.,
E- and N- cadherin), cytoskeleton-associated proteins (e.g.,
Vimentin), and transcriptional regulators (e.g., Snail) (Christofori,
2006; Grunert et al., 2003). Consequently, the expression levels
of these genes can serve asmarkers of invasion. It was therefore
critical to determine whether CYFIP1 expression is also generally
affected as tumor cells gain invasive potential.
To probe this possibility, we generated several mosaic mouse
models (using the orthotopic transplantation previously
described) that reflect different stages of tumor progression
and examined the expression of CYFIP1 (Figure 7). Antibody
staining revealed strong CYFIP1 expression in the epidermis
that was more intense in terminally differentiated layers. In
dysplastic lesions produced by the expression of oncogenic
Ras, CYFIP1 was still obvious, but the lesions did not present
the intense staining typical of normal, differentiated layers.
When an invasive squamous cell carcinoma (SCC) was gener-
ated by silencing p53, the expression of CYFIP1 was greatly
reduced at the invasive edge. Furthermore, in a more aggressive
SCC generated by transplanting TGF-b-RII null keratinocytes
carrying oncogenic Ras (Guasch et al., 2007), the expression
of CYFIP1 was almost completely abolished in large invasive
areas and coincided with a strong reduction of E-cadherin. Inter-
estingly, we also observed reduction of CYFIP1 expression at
the edges of human lung cancers (6 out of 6 comprising 3 SCC
and 3 adenocarcinomas [AdenoCa.]) and breast tumors (1 out
of 3 IDC) with well-defined limits between epithelial and stromal
tissues (Figure S8).
We wondered whether loss of Cypfip1 expression was
specific to the migratory and invasive responses that occur in
tumors. We therefore tested whether changes in CYFIP1 were
observed during epidermal wound healing, a nontumorigenic
tissue-remodeling response. A small wound was created onFigure 4. Silencing of WAVE Complex Components Reduces Cell-Cell Adhesion
(A) Representative snapshot from Movies S1A–S1F after EDTA (5 mM final concentration) was added to equally confluent MCF-10A cultures.
(B) Aggregation experiment showing the percentage of aggregates formed during 3 hr. MCF-10A cells where actin dynamics (cytochalasin-D, 1 mg/ml) or
E-cadherin-mediated adhesion (5 mM EDTA, 10 mg/ml of DECMA E-cadherin blocking antibodies, and Snail-overexpressing cells) was abolished represent
controls. Error bars show standard deviation from the mean (n=3). The red asterisks indicate p values < .05 (t test of three replicas) when the aggregation values
after 3 hr were compared with wild-type cells.
(C) Immunofluorescence showing E-cadherin and nuclear staining in controls and knockdown MCF-10A cells. Through the entire figure magnified panels repre-
sent images of the selected area (white rectangle).
(D) Immunofluorescence showing the development of cell-cell adhesion in control and Cyfip1 knockdown keratinocytes after calcium exposure (2, 4, and 8 hr).
(E) Immunofluorescence of control and Cyfip1 knockdown keratinocytes 16 hr after calcium exposure. 43magnified images of selected areas together with 2D
orthogonal projections (yellow lines) are shown on the side of the upper half of the figure. A 3D reconstruction of the same keratinocyte layer is shown in the lower
half. 43 magnified images of selected areas are displayed below.
(F) The composition shows structural studies (EM) of control and Cyfip1 knockdown keratinocytes 16 hr after calcium switch. En face sections present three 103
consecutive magnifications of the same area. Arrows indicate desmosomes, and asterisks indicate adherence junctions. The transverse sections shows the
apical parts of two cells from the same cultures shown en face.
(G) Distribution of E-cadherin and B-actin in different fractions, cytoplasmic (C), membrane (M), nuclear (N), and cytoskeleton (CS) of control andCyfip1 knocked-
down cells growing in low and high calcium media. The numbers below the blots represent the average of the quantitative value of bands in the blots from three
independent experiments. The red asterisks in (B) and (G) represent p values < .05 (t test of three replicas) when the values from knockdown cells were compared
with controls.Cell 137, 1047–1061, June 12, 2009 ª2009 Elsevier Inc. 1055
Figure 5. Silencing of WAVE Complex Components Reduces Epithelial Cell-ECM Adhesion
(A–D) Representative image of the attachment and spreading of MCF-10A WAVE knockdown cells 6 hr after plating. Kinetics of adhesion of cells from (A) in
different ECM substrates, (B) Collagen-I, (C) Collagen-IV, (D) Fibronectin. As a negative control, wild-type cells were plated in the presence of 5 mM of EDTA
(WT+EDTA). The graphics also show the attachment kinetics of wild-type cells in the presence of an inhibitor of actin polymerization, cytochalasin-D, 2 mg/ml
(WT+CytD). Error bars in (B), (C), and (D) show standard deviation from the mean (n = 3). Red asterisks indicate differences statistically significant (t test,
p < .05) compared with WT. Notice that although the p value for Cyfip1 knockdown in (B) is not significant, it was <.1.
Immunofluorescence studies showing the distribution and morphology of focal adhesions, labeled with anti-Vinculin antibody, in knockdown MCF-10A cells (E)
and keratinocytes (F) are shown. The arrows indicate the focal contacts and the asterisks the focal complexes.the back of a mouse and wound closure was analyzed 2–4 days
later. Although strong proliferation and mobilization of epi-
dermal keratinocytes occurred at the area close to the wound,
IF staining revealed no changes in expression of CYFIP1
(Figure 7). This result indicates that reduction of CYFIP1 ex-
pression coincides with invasiveness rather than with motility,
per se.1056 Cell 137, 1047–1061, June 12, 2009 ª2009 Elsevier Inc.DISCUSSION
The ability to generate a polarized cytoskeletal network that is
intricately associated with intercellular junctions allows epithelial
cells to integrate tension-based movements and function
coordinately within a tissue (Cau and Hall, 2005; Vaezi et al.,
2002). The presence of calcium modulates the interaction of
Figure 6. Knockdown of Cyfip1 Promotes
Invasion In Vivo
(A) illustratesmacroscopically andmicroscopically
the appearance of skin lesions produced in nude
mice after transplantation of primary keratinocytes
engineered to express oncogenic Ras or Ras plus
Cyfip1 shRNA as compared with wild-type skin.
(B) Markers of the epithelial compartment of the
skin (b4-Integrin and a-Catenin) were used to
study tissue architecture in sections from (A).
(C) Immunofluorescence showing that invasive
keratinocytes (b4-Integrin positive) express the
construct that contains the hairpin targeting CY-
FIP1 (positive for GFP mRNA in the in situ panel)
and show low CYFIP1 expression. The lines (black
in merged panel and white in in situ panel) are used
as a reference.cadherin-mediated junctions with the cytoskeleton (Gumbiner,
2005), and in some circumstances, WAVE-mediated actin reor-
ganization has been implicated in the organization and mainte-
nance of adhesion (Yamazaki et al., 2007). Based on this and
on the striking abnormalities that we
have characterized in cells with compro-
mised WAVE function, we propose a
model wherein depletion of WAVE com-
ponents directly perturbs actin dynamics,
which in turn reduces epithelial adhesion
and leads to disorganization of tissue
architecture.
Tissue architecture represents an im-
portant level of control, which transformed
cellsmustdisrupt in order to become inva-
sive. Correspondingly, a number of mole-
cules that regulate tissue architecture are
also commonly altered during tumor
formation (e.g., E-cadherin [Cowin et al.,
2005], a6- and b4-Integrins [Gilcrease,
2007], Podoplanin [Wicki et al., 2006], or
Scribble [Bilder, 2004]). Changes in genes
encoding these regulators often show
a strong correlation with poor prognosis
and the capacity of tumor cells to invade
stromal compartments (Cowin et al.,
2005; Gumbiner, 1996). We now add
Cyfip1 to thosegenes thatmodify the inva-
sive phenotype since its suppression can
promote the development of invasive
carcinomas inmodels that would normally
yield benign, noninvasive lesions.
Our observations have reinforced
connections between actin dynamics
and tumorigenesis, given that effects on
the actin cytoskeleton impact tissue
architecture and cell adhesion and conse-
quently invasive potential. However, the
catalog of downstream pathways poten-
tially affected by disrupting WAVE may
be far from complete. Remodeling of the actin cytoskeleton
influencesmultiple aspects of cellular behavior, includingmotility,
adhesion, signal transduction, apoptosis, cytokinesis, endocy-
tosis, and differentiation (Doherty and McMahon, 2008; OlsonCell 137, 1047–1061, June 12, 2009 ª2009 Elsevier Inc. 1057
Figure 7. Downregulation of CYFIP1 Occurs during Tumor Invasion In Vivo
Immunofluorescence staining comparing the expression and distribution of CYFIP1 and different characteristic markers of the epidermis, b4-Integrin and E-cad-
herin, is shown. A continuous b4-Integrin staining is an indication of intact epidermal/dermal boundaries (normal skin, dysplasia, and wound healing). In contrast,
patched and disorganized staining reflects invasion of tumor cells into the stroma (invasive edges). In this model keratin-6 is a marker that labels proliferating
epidermis. Quantitative data comparing the expression of CYFIP1 at the leading edge of the invasion (underlined) and inside of the tumor (bold) are provided.
The raw values were double normalized (first, internally to the staining of b4-Integrin and then to the value of the normal skin), and these have been included
in the figure.and Sahai, 2008; Perez-Moreno et al., 2003). Thus, further work
will almost certainly be required to understand the complete
mechanistic basis of the effects that we observe.
A remaining critical question is whether distortion of general
actin dynamics can influence epithelial tumorigenesis or
whether invasive potential is impacted specifically by alter-
ations of the WAVE/lamellipodia pathway. There are several
indications that support the former hypothesis. Although cyto-
chalasin-D was toxic, low concentrations of this drug induced
abnormalities in acinar development, and specific inhibition of
Rho GTPases dramatically impacted acinar architecture
without compromising viability (Figure S9). Moreover, a number
of genes controlling actin dynamics are altered in human1058 Cell 137, 1047–1061, June 12, 2009 ª2009 Elsevier Inc.cancers (Olson and Sahai, 2008), and the formation of actin-
based membrane protrusions is essential during tumor
progression and invasion (Yamaguchi and Condeelis, 2007).
It seems likely that there is no one unique route through which
tumor cells gain the capacity to invade. Indeed, it is now clear
that tumor cells are able to shift among a variety of pathways
if one that fosters mobility becomes blocked (Friedl, 2004;
Sanz-Moreno et al., 2008; Wolf et al., 2003). Nonetheless,
our data demonstrate that alterations in either the Cyfip1
locus or its expression contribute to the loss of epithelial
cell architecture and promote tumor progression, marking
this locus a strong candidate for a bona fide human invasion
suppressor.
EXPERIMENTAL PROCEDURES
ROMA
High-resolution genome profiling of DNA copy number alterations was per-
formed as previously described (Hicks et al., 2006). Focal deletions were
defined as regions of less than 2 Mb.
Cell Culture and Cell Line Construction
ShRNAs cassettes from our published library (Silva et al., 2005) were cloned
into a retroviral vector that links GFP to expression of the shRNA. All the avail-
able shRNAmirs targeting the same gene were pooled together to produce
suppressed cell populations. The sequences for the shRNAs can be obtained
at http://codex.cshl.edu/scripts/newmain.pl or http://www.openbiosystems.
com and in the Supplemental Experimental Procedures. Three-dimensional
cultures were performed as described previously (Debnath et al., 2003). For
depletion of growth factors, all supplements were omitted from the negative
media. For anoikis experiments, negative media were also used and the cells
were plated on ultra low attachment plates (Packard). For cell-cell adhesion
studies, 5 mM EDTA (final concentration) was added to equally confluent
MCF-10A cell cultures (control and knockdown lines). For cell-ECM adhesion
studies, plates coatedwith different ECMsubstrateswere purchased fromCell
Biolabs, and protocols recommended by the vendor were followed. All assays
were done at least two independent times in triplicate.
Western Blotting, Immunofluorescence, and QRT-PCR
IF on cells seeded on glass was performed using standard methods. IF on
tissue sections was performed as previously described (Kobielak and Fuchs,
2006). QRT-PCR for Cyfip1 and Nckap1 was done after standard total RNA
extraction and reverse transcription. The antibodies, dilutions, and oligo
sequences used are described in detail in the Supplemental Experimental
Procedures.
Microscopy
Images of live cells were collected at 4 min intervals for 24 hr using a Zeis
observer Z1. Confocal image Z series (LSM format) were imported into the
3D module of Axiovision (version 4.6.3 Zeiss MicroImaging, Thornwood, NY,
USA) and maximum projection 3D images were generated. From the same
Z series orthogonal perspectives were made using Zen LE (Zeiss). For stan-
dard immunofluorescence a Zeiss Axioskop 2 plus was used. For transmission
electron microscopy, cells were cultured on Thermanox Nunc coverslips and
then processed following the procedures described in detail in the Supple-
mental Experimental Procedures.
In Vivo Studies
Wild-type or knockdown cells were injected subcutaneously into nude mice,
and tumor size was determined after 4–6 weeks. Engraftment experiments
were performed as described previously (Azzoli et al., 1998; Weinberg et al.,
1991) by infecting primary keratinocytes with retroviral constructs express-
ing Ha-RasV12, or different shRNAs. Mice were sacrificed and analyzed
4–5 weeks after grafting.
Human Tumor Studies
Pathological parameters are described in detail in the Supplemental Experi-
mental Procedures. Total RNA was extracted from 30 mg of tumor samples
and was reverse transcribed using standard protocols. We calculated the
expression level of Cyfip1 as the ratio: relative mRNA expression of target/
relative mRNA expression of housekeeping control. The tumors were stratified
based on their correlated immunohistochemistry value (explained in the main
text and Figure S7). The statistical correlations were analyzed using the t test
and the SPSS package.
Immunohistochemistry
Immunohistochemistry analysis was performed on formalin-fixed and paraffin-
embedded tissue sections from Tissue MicroArrays (TMAs) following the stan-
dard avidin-biotin immunoperoxidase staining procedure (described in more
detail in the Supplemental Experimental Procedures).SUPPLEMENTAL DATA
Supplemental Data include Supplemental Experimental Procedures, nine
figures, four tables, and four movies and can be found with this article online
at http://www.cell.com/supplemental/S0092-8674(09)00401-2.
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